abstract: The observation that geographic range size in Cretaceous mollusks is correlated with species survivorship and is heritable at the species level has figured repeatedly in discussions of species selection over the past two decades. However, some authors have suggested that the relationship between mode of larval development and geographic range supports the reduction of this example to selection on organismic properties. Our reanalysis of Jablonski's work on heritability at the species level finds that geographic range is significantly heritable (using a randomization test) in both bivalves and gastropods, even within a single larval mode. Further, generalized linear models show that geographic range size is more important than larval mode in predicting extinction probability in both gastropods and bivalves. These results reaffirm the role and heritability of geographic range as a species-level property that can promote species selection; the model-based approach applied here may help to operationalize "screening off " and related approaches to evaluating hierarchical explanations in evolution.
and Blackburn 2000; Purvis et al. 2000; Rosenfield 2002; Gaston 2003; Jones et al. 2003) . Speciation rates also appear to be inversely related to species' geographic range, although the generality of this pattern requires further testing ; see also Reaka and Manning 1981, 1987; Gaston 2003; Meyer 2003; Lester and Ruttenberg 2005) . Most controversial is the issue of "heritability" of geographic range: whether geographic ranges in closely related species are more similar than expected by chance. Some authors view geographic range as a species-level property, so that significant heritability would contribute to the operation of species selection in the strict sense (see Jablonski 1987 Jablonski , 2000 Brown 1995; Grantham 1995 Grantham , 2001 Grantham , 2002 Sterelny and Griffiths 1999, p. 206; Gould 2002; Lee and Doughty 2003; Okasha 2003; Gregory 2004; Rice 2004, p. 312 ; for other recent work on higher-level heritability, see Goodnight 2000; Savolainien et al. 2002; de Quieroz and Ashton 2004) . Working from this perspective, Jablonski (1987) argued that geographic range size in Cretaceous mollusks meets the requirements for true species selection: range size was heritable and correlated with species' survivorship. This study has featured repeatedly in subsequent discussions of hierarchy in macroevolution as one of the few empirical examples of strict species selection (see references cited above).
Such hierarchical interpretations concerning the link between geographic distribution and evolutionary dynamics have been questioned on the basis that in many marine organisms, geographic range size and genetic population structure may be determined largely by larval ecology. Apparent species selection with respect to geographic range might instead be caused by selection on the organismic trait of larval ecology (Vermeij 1996; Levinton 2001, p. 402; Coyne and Orr 2004, p. 444; Webb and Gaston 2005) . A related concern is that conservation of larval mode among closely related species might produce spuriously high estimates of range-size heritability (Webb and Gaston 2005) , further challenging the case for strict-sense species selection.
Species selection on geographic range size and suggested alternative explanations involving individual or species selection on larval mode are all plausible in principle but potentially difficult to distinguish empirically. In this note, we consider the relative causal importance of geographic range size and larval mode for determining species survivorship in this frequently cited case study. Using updated methods and a slightly revised version of Jablonski's (1987) database, we address the following two questions: (1) is geographic range size (and its heritability) in Cretaceous mollusks determined solely or dominantly by larval ecology, and (2) are the macroevolutionary correlates of geographic range size directly attributable to, and thereby reducible to, larval ecology?
Methods
Geographic ranges and species pairs for late Cretaceous bivalves and gastropods are from Jablonski (1986 Jablonski ( , 1987 , with updates as cited by Hunt et al. (2005, app. B) . The geographic ranges of both living and fossil species are subject to significant sampling problems, and the recorded ranges are surely underestimates, particularly for fossil taxa (Jablonski 1987; Koch 1987) . However, the nonparametric statistics used here, based on rank order rather than absolute range sizes, should be more robust to such sampling biases (Jablonski 1987; Jablonski and Valentine 1990; Gaston et al. 1996; see Jablonski 1988 and Marshall 1991 on other aspects of sampling in these faunas), and Spearman's coefficient gives greater weight to pairs of ranks that are further apart and downplays the effects of ranks that are close together, damping the noise added by sampling (Sokal and Rohlf 1995, p. 600) .
Thanks to the accretionary growth of bivalve and gastropod shells, well-preserved fossil and modern specimens often carry early ontogenetic stages that permit the inference of developmental modes (for assessment and application of methods, see Shuto 1974; Scheltema 1977 Scheltema , 1989 Jablonski and Lutz 1980, 1983; Bandel 1982; Turner et al. 1985; Bouchet 1990; Lima and Lutz 1990; Nützel 1998; Nützel and Mapes 2001; Paulay and Meyer 2006) . The development of Late Cretaceous species was classified, based on embryonic and larval shell morphology, as planktotrophic (feeding, and thus having relatively long larval phases and high dispersal capability) or nonplanktotrophic (nonfeeding, and thus having relatively brief or absent larval phases and low dispersal capability); assignments follow Jablonski (1986) , with four additions and one change based on later publications and examination of additional material. Although more refined classifications are possible (e.g., Levin and Bridges 1995) , this binary scheme based on larval nutrition avoids difficulties in reliably separating relatively short-lived, free-swimming, nonfeeding larvae from "directdeveloping" forms that lack a free-swimming stage altogether or planktotrophs that disperse for weeks ("actaeplanic") from those that disperse for months ("teleplanic"; Jablonski and Lutz 1983) . In a few bivalve groups where developmental mode is fixed at a high taxonomic level, for example, the nuculoids (nonplanktotrophic; Zardus 2002) and large-bodied veneroids and cardiids (planktotrophic), modes were inferred for that level once corroborated with observations of larval shells for a few species. (For scanning electron micrographs of larval or embryonic shells of some of the species in this analysis, see Jablonski and Lutz 1983; Jablonski 1986; Boardman et al. 1987; Bandel 1993 Bandel , 1999 Dockery 1993; Bandel and Riedel 1994; Malchus 1995; Bandel and Kowalke 1997; Nützel 1998; Bandel and Dockery 2001) .
We used Mann-Whitney U-tests to test for differences between the durations of planktotrophic versus nonplanktotrophic species. In order to measure range-size heritability within gastropods and bivalves partitioned by larval mode, we used Spearman rank correlations between range sizes of closely related species pairs with the null distribution generated by 1,000 randomly chosen pairs of ranges from the empirical range-size distribution (see Hunt et al. 2005) . We favor this established distribution-free method over those that assume a priori that geographic ranges are drawn from uniform (Webb and Gaston 2003) or negative binomial (Webb and Gaston 2005) distributions, as neither of these adequately fit the bivalve or gastropod range sizes analyzed here (Kolmogorov-Smirnov tests, for P ! .001 both distributions in both taxa).
We used a model-fitting approach to investigate the separate and joint effects of range size and larval mode on species survivorship. Species survivorship was measured as the number of stratigraphic intervals (each ∼2 million years in duration) through which a species existed. As this dependent variable (species duration) is generally right skewed and necessarily integer valued, standard linear models based on normally distributed residuals are not appropriate. To account for these features of the data, we used generalized linear models (GLM; McCullagh and Nelder 1989), assuming a Poisson error distribution and an identity link function. We tested three specific models: species durations predicted by larval mode, durations predicted by geographic range, and durations predicted jointly by both larval mode and geographic range. We assessed the improvement in fit gained from the single predictor models to the joint prediction model using analysis of deviance (McCullagh and Nelder 1989; Venables and Ripley 2002) . These tests are of particular interest because they indicate the degree to which the effects of geographic range on species duration are redundant with, and thus reducible to, larval mode.
Results
Three results relevant to the macroevolutionary dynamics of larval ecology and geographic range come out of this analysis.
1. Geographic range is significantly heritable-that is, more similar among closely related species pairs than expected by chance-even when larval mode is held constant ( fig. 1 ). This heritability holds within planktotrophic and nonplanktotrophic gastropods and planktotrophic bivalves. The rank-order correlation is only marginally significant for nonplanktotrophic bivalves ( ), but P p .056 there are few species pairs in this category ( ). n p 8 2. In the gastropods, species with planktotrophic larvae do have significantly larger geographic ranges than nonplanktotrophic species, but this is not the case in bivalves ( fig. 2 ), corroborating previous analyses of these species using an older data set (Jablonski 1986 (Jablonski , 1987 . As already noted, the number of nonplanktotrophic bivalve species in this analysis is extremely low, so the bivalve pattern should be read cautiously. Nevertheless, the direction of the pattern is not consistent with the prediction from larval ecology; median geographic range size is actually larger in nonplanktotrophic than in planktotrophic bivalves.
3. Rank correlations between geographic range size and species duration are significantly positive, even within larval modes of both mollusk groups (table 1). The GLM results show that geographic range significantly predicts species survivorship in both bivalves and gastropods, while larval mode is correlated with species duration only for gastropods (table 2) . Importantly, adding geographic range to models containing only larval mode significantly increases model fit for both taxa, indicating that geographic range is not redundant with larval mode in predicting species survivorship. In contrast, adding larval mode to models containing geographic range provides only marginal and insignificant improvement in model fit (table  2) . The above caveats about low sample size for the nonplanktotrophic bivalves apply here, but again, the bivalve pattern is at least consistent with the larger and more balanced gastropod data set.
Discussion
In the two major molluscan groups analyzed here, heritability of geographic range size is not caused solely by the phylogenetic conservation of larval mode in closely related species; significant heritability remains in both gastropods and bivalves even when they are partitioned by larval mode. For gastropods, larval mode does seem to contribute to range-size heritability in that the rank correlation of range size in related species pairs is lower when species are partitioned by larval mode, at least for the nonplanktotrophic species ( fig. 1; for all gastror p 0.47 s pods considered together). Nevertheless, the presence of significant heritabilities within larval modes implies that other factors influencing geographic range also tend to be conserved in closely related taxa.
The observed differences between the two gastropod larval modes is not attributable to differences in preservation potential, as all species exhibit an aragonitic shell mineralogy, which is relatively vulnerable to postmortem dissolution (see Harper 1998; Kidwell 2005) . Nor is the between-clade difference between gastropods and bivalves attributable to such biases, as 170% of the bivalve species in this analysis also exhibit aragonitic shells. Range heritabilities remain significant for the exclusively aragonitic bivalves (unchanged for the small set of nonplanktotrophs, for the planktotrophs), and there is still no P p .0004 significant difference between geographic ranges of aragonitic bivalves according to their developmental mode (Mann-Whitney U-test, ). P p .83 Geographic ranges of species are determined by multiple processes, many of which remain poorly understood (Case et al. 2005; Parmesan et al. 2005) . For many sessile marine organisms, a free-swimming larva is the primary dispersal mechanism and the principal vehicle for gene flow. Thus, it is not surprising that mode of larval development has repeatedly been found to be a significant correlate of range size in living and fossil gastropods and echinoids (Scheltema 1977 (Scheltema , 1989 Hansen 1978 Hansen , 1980 Hansen , 1982 Jablonski 1986 Jablonski , 1987 Gili and Martinell 1994; Emlet 1995; Jeffery and Emlet 2003; Meyer 2003; Levin 2006; Paulay and Meyer 2006) . Geographic range is also significantly related to pelagic larval duration in Indo-Pacific reef fishes, although not in the tropical Atlantic (Lester and Ruttenberg 2005) . However, the apparent absence of a significant correlation between range and larval mode in marine bivalves, and the substantial variance of geographic ranges within single larval modes, shows that this character is not the sole factor governing range size.
Interspecific variation in range size can be strong even within a single region, owing to differences in such factors as dispersal ability, coastal oceanography, genetic population structure, resource requirements, environmental tolerance, interactions with enemies, historical events, and the complex interactions among all of these (Brown et al. 1996; Gaylord and Gaines 2000; Gaston 2003; Holt 2003) . For shelf benthos, broad dispersal presumably derives from varying contributions of larval transport and adult rafting, as many of the widespread nonplanktotrophic species of both bivalves and gastropods today tend to occur in association with seaweeds, sea grasses, and other potentially mobile substrata (e.g., Martel and Chia 1991; Donald et al. 2005; Thiel and Gutow 2005) .
Geographic ranges appear to have different determi- Figure 1 : Significance of rank correlation in geographic ranges of ancestor-descendant or sister-species pairs of (A) planktotrophic and (C) nonplanktotrophic bivalves and (B) planktotrophic and (D) nonplanktotrophic gastropods from the Late Cretaceous of the Gulf and Atlantic Coastal Plain, assessed using randomization. Each histogram shows the distribution of Spearman's rank correlations (r s ) generated by shuffling the geographic ranges of ancestors 10,000 times. This shuffling removes any heritability by separating ancestor-descendant pairs but preserves other aspects of the empirical distribution of range sizes. In each plot, the arrow shows the observed value of r s relative to the 10,000 randomized values, with the 5% one-tailed rejection region shaded black. Note: Results include the linear coefficients (b G for geographic range and b P for the coefficient of the planktotrophic species) and probability values (P) for the models. Each single predictor model was tested against the full model including both independent variables (Dur ∼ geo ϩ ), using analysis of deviance to test whether the added predictor improves significantly the fit larv of the model. Durations of species that originated just before the end-Cretaceous mass extinction omitted; , of freedom. Dev p deviance df p degrees nants in these two mollusk clades, with planktotrophy associated with larger geographic ranges in gastropods but not bivalves. Despite this contrast, geographic ranges have the same positive relationship with species survivorship in both taxa within and among developmental modes. The evolutionary consequences of broad versus narrow distributions are evidently similar even in groups with very different means of dispersal. For example, rafting may be especially important for dispersal in clonal invertebrate species, some of which maintain broad geographic ranges despite highly restricted larval transport (Knowlton and Jackson 1993; Watts et al. 1998; Thiel and Gutow 2005) . Widespread species of Neogene bryozoans had a median duration of about 7.5 million years, while narrowly distributed species had a median duration of about 2 million years (Cheetham and Jackson 1996) , comparable to the range-duration relationships seen in Cretaceous mollusks. Geographic range can evidently dominate other biotic factors as well; for example, in crustaceans, narrow geographic range appears to be a better predictor of extinction risk than small population size or low fecundity (ReakaKudla 2001 (ReakaKudla , 2002 .
Even if larval mode did account for most of the rangesize similarity among closely related mollusk species, such a finding would constitute a lower-level mechanism for, rather than a negation of, range-size heritability at the species level. Species-level properties, even emergent ones, must ultimately stem from properties of genes, organisms, their environment, and the complex interactions among these factors. Identifying the lower-level (in this case, organismic) factors responsible for species-level heritability does not diminish this heritability or the potential selection on range size per se, just as knowing the lower-level determinants of body size (specific segregating genes) would not make this trait any less heritable at the organismic level or disallow the emergent phenotypic property of body size as a potential target of selection. Finding significant range-size heritability within larval modes does, however, refute the suggestion that range size and its heritability are overwhelmingly determined by larval mode in these mollusks (Webb and Gaston 2005) . The consistent positive relationship between range size and species survivorship regardless of underlying larval biology suggests that emergent fitness (Lloyd and Gould 1993; Gould 2002; Coyne and Orr 2004) in these mollusk species was causally related to the sizes of their geographic ranges. This finding corroborates previous interpretation of this case study as an example of strict-sense species selection on the emergent property of geographic range size. The reasoning used here corresponds to one operational approach to analyzing levels of selection (Jablonski 2000) similar to Brandon's (1990 Brandon's ( , 1996 Brandon et al. 1994 ) application of the statistical concept of "screening off" (see also Wimsatt 1981) . Loosely speaking, one causal factor screens off another if the second factor provides no additional predictive power for a given outcome once the first factor is known (Brandon 1990) . For example, the literature is rich in experiments where selection on organismic traits (wing size, insecticide resistance) elicited diverse responses at the cellular level (e.g., cell size vs. cell number in Drosophila wing size : Robertson 1959; Stevenson et al. 1995 ; target site insensitivity vs. metabolic detoxification or sequestration in insecticide resistance, each in turn underlain by multiple molecular pathways: ffrenchConstant et al. 1999 ffrenchConstant et al. , 2004 . In these cases, we know that the organism was the focal level: the large-winged phenotype, for example, was the emergent property subject to selection. Variation at the genic and cellular level was, in Brandon's terminology, screened off by the organismic phenotype subjected to selection. By the same token, molluscan geographic range-underlain by a complex and shifting array of organismic traits in different cladesinteracts with the biotic and physical environment to produce a predictable evolutionary dynamic, emergent at the species level whether or not larval mode was a significant determinant. The GLM results show that for Cretaceous mollusks, larval mode has little independent effect on species duration once geographic range size is accounted for. Importantly, the reverse is not true: adding geographic range significantly improves model predictions of species duration. For the purpose of predicting extinction probabilities, geographic range size effectively screens off larval mode. Thus, despite the detectable influence of larval ecology in some taxa, neither geographic range size nor its macroevolutionary consequences are reducible to the organismic property of larval mode.
